We assessed the spectral imaginary part of refractive index (ni) of Asian dust aerosol in the visible wavelengths (0.412 0.865 µm) by comparing simulated and satelliteobserved top of the atmosphere (TOA) reflectances. The approach employed in this study combines the results obtained from SeaWiFS ocean color sensor, the vertical profiles provided by CFORS mesoscale transport model, and the size distribution observed concurrently by Aerosol Robotic Network (AERONET) sites. Analyses for four dust instances over the Sea of Japan during 2001 and 2002 showed that the ni values of Asian dust are significantly lower than previously published, as low as about 0.001 at 0.5 µm. Although the backward trajectories suggest that the four events have different sources, all events show very similar ni values. The corresponding averaged coarse-mode dust single-scattering albedo (SSA) is found to be 0.98 ± 0.002 at 0.555 µm, which is consistent with the results of several contemporaneous observations conducted during Asian Aerosol Characterization Experiment (ACE-Asia). These results indicate that Asian dust particles itself may cool the climate system more strongly than is generally considered and a weakly absorbing model of Asian dust is more appropriate for use in climate modeling than the already used dust model.
Introduction
Asian dust has a significant impact on the Earth's radiation budget by scattering and absorbing solar radiation. Hence, determination of the optical properties of Asian dust is indispensable for improving climate assessments. Development of algorithms for aerosol and ocean color remote sensing also requires precise knowledge of the optical properties of Asian dust (Fukushima and Toratani 1997; Higurashi and Nakajima 2002) .
From remote sensing observations Dubovik et al. 2002) , it is generally agreed that Saharan dust has much lower absorption in the visible part of spectrum than previously assumed (Patterson 1981; WMO 1983; Hess et al. 1998 ). On the other hand, surface observations of Asian dust Kim et al. 2005 ) report a high absorption with single-scattering albedo (SSA) values ranging from 0.80 to 0.86 at 0.5 µm which is considered due to the co-existing absorbing anthropogenic aerosols produced over the industrial area of China. The mixing states of industrial pollution and Asian dust, however, are highly variable and Asian dust absorption still remains unknown.
In this study we attempt to estimate the spectral dependency of imaginary part of refractive index (ni) for Asian dust in the visible wavelength region by comparing simulated and satellite-observed top of the atmosphere (TOA) reflectances. We make use of data obtained by SeaStar/ SeaWiFS, an ocean color instrument that has wellcalibrated visible spectral bands to infer spectra of the imaginary part. To simulate the SeaWiFS-observed reflectances, we model the aerosol size distribution and vertical profile after Aerosol Robotic Network (AERONET) and Chemical Weather Forecasting System (CFORS), respectively. As a base reference for the imaginary part of the refractive index for Asian dust, we adopted those values obtained by a laboratory measurement of soil particles in China to perform radiative transfer simulation with adjusting aerosol optical thickness (AOT) of Asian dust so that it reproduces the satellite observed TOA reflectance at 0.865 µm.
Method and data
The SeaWiFS has eight spectral bands in the visible (0.412, 0.443, 0.490, 0.510, 0.555, 0.670, 0.765 , and 0.865 µm) (Hooker et al. 1992) . The accuracy of the radiometric calibration of SeaWiFS is considered to be within ±3 % (F. S. Patt, personal communication). We selected four Asian dust-prevailing air masses over the Sea of Japan observed on 20 March 2001 , 10 April 2001 , 17 March 2002 April 2002, which displayed most intense dust transport. For each event, we extracted TOA reflectances and scan geometry from the 15 × 15 pixels in the center of the dust plume. The sampling points are shown in Fig. 1 .
Radiative transfer (RT) simulations were conducted for each sampling point using Rstar5b code developed by Nakajima and Tanaka (1986, 1988) . Here water reflectance is neglected, because, its effect is not significant to TOA reflectances with dense Asian dust air mass. We assumed aerosol consisting of two species, Asian dust and sulfate aerosols, since the amount of other species is predicted negligibly small for all events (Fig. 2) .
We used the following procedures to determine models and parameters in this simulation. Firstly, the refractive indices for the two species were modeled as follows. For sulfate aerosol, we simply adopted the values modeled by Shettle and Fenn (1979) . For dust aerosol, we derived the The dust particles were assumed to be non-spherical, based on the semi-empirical model of Pollack and Cuzzi (1980) , where the values of three non-sphericity scattering parameters 0, , and G were set to be 1.1, 7, and 10 as modeled by Nakajima et al. (1989) . Secondly, the aerosol size distribution was provided by the AERONET (Holben et al. 2001 ) observation sites at Noto (37N, 137E), Anmyon (37N, 126E), and Shirahama (34N, 135E) (see Fig. 1 ). Approximating the size spectrum by bi-modal lognormal distribution, we assumed that the coarse mode particles consist of Asian dust while the fine mode particles consist of sulfate. An expected accuracy of AERONET-derived volume size distribution is generally estimated to be 15 25% for mode radius (rm) 0.5 µm and 25 100% for rm < 0.5 µm (Dubovik et al. 2000) .
Thirdly, the aerosol vertical profiles were modeled after the predicted results by CFORS mesoscale transport model (Uno et al. 2003) . The CFORS-derived aerosol profile generally compares well with lidar observations (i.e., Shimizu et al. 2004) .
Finally, we conducted RT simulation with adjusting AOT of the model Asian dust so that the simulated TOA reflectance at 0.865 µm reproduces the satellite observed one, while the AOT of sulfate was kept the same as the CFORSpredicted AOT.
Results
The aerosol volume size distributions were derived from AERONET observations made on the same day with the satellite overpass except the case of 17 March 2002 where the data obtained on the next day was used. The vertical profiles of aerosol extinction coefficient predicted by the CFORS for all events are shown in Fig. 2 , which, as mentioned earlier, shows that contribution of carbonaceous aerosol is very low. The parameters of volume size spectrum, namely Cv, the column volume, gv, the standard deviation and the vertical profile of each aerosol modeled by the CFORS for the four events are summarized in Table 1 . Figure 3 shows the SeaWiFS-observed and the TOA reflectances for all events. It is obvious that the simulated TOA reflectances in the shorter wavelength bands are much smaller compared to those observed by SeaWiFS. The simulated results obtained by assuming half, and onefourth of the original values of ni, are also shown in Fig. 3 . We found that the ni value reduced to one-fourth well explains SeaWiFS observations. It is interesting to note that similar results are obtained through all the four events. Figure 4 presents a comparison of the retrieved results in this analysis and the results obtained by others.
The ni values from OPAC Mineral are mineral dust model in OPAC 3.1 (Hess et al. 1998 ) and those from Patterson (1981) are from laboratory measurements of Saharan dust, both of them indicating high absorption like 0.008 at 0.5 µm by the WMO (1983). Aoki et al. (2005) derived ni value from the measurements of solar irradiance spectrum on the groundbased observation in the Taklimakan region, indicating 0.0041 at 0.5 µm. Moulin et al. (2001) published the ni value from comparing simulated and observed aerosol reflectance of Saharan dust air mass.
The average coarse-dust SSA spectra obtained for two values of ni, the original and one-fourth values, are presented in Fig. 5 . The error bars are the standard deviation of the retrieved SSA where variability comes from the different size distributions for four events studied. While the SSA obtained for the original ni value is 0.92 ± 0.008 at Fig. 4 ). The dashed line corresponds to the imaginary part value reduced to half. The dotted line corresponds to the imaginary part value reduced to one-fourth. Table 1 . Model parameters of aerosol volume size distribution at the AERONET sites and the profiles of the aerosols modeled after CFORS prediction used in the RT simulation. 
Discussion
We see from Fig. 3 that the ni value reduced to onefourth of the lab-measured one well explains SeaWiFS observations. The difference between the simulated and satellite-derived reflectance may be explained by too large ni values used in this simulation for the dust. As seen in Fig.  4 , comparison of ni values showed similar spectral dependency although they are different in the absolute values. Recent observations of Asian and Saharan dust revealed that the particles are much less absorbing compared to Patterson (1981) . The discrepancies may be explained by the fact that dust particles observed around Japan often get coated with sea salt and other soluble compounds (Zhou et al. 1996; Trochkine et al. 2003) , suggesting that the contamination on dust particles may reduce their ability to absorb the visible radiation. The results of this study and the AERONET mean are consistent in shorter wavelength bands, whereas the AERONET-derived values are about 0.002 higher in longer wavelength region. This difference can be explained by the presence of ground-level pollution or carbonaceous aerosol observed by AERONET due to the relatively constant imaginary part of refractive index of black carbon.
It may be noted that the locations of the study points are significantly away from the AERONET sites. Whereas we recognize the potential difference in the size distribution between at Shirahama and at the observation points, our sensitivity study for 9 April 2002 case shows that ± 0.5 µm uncertainty in the coarse mode radius produces errors of ± 0.0005 at 0.5 µm in the retrieved imaginary part of refractive index of Asian dust. Thus the result does not affect our conclusion that Asian dust is much less absorbing in the visible than previously mentioned.
The SSA is the important indicator for aerosol climate effects since a low SSA will lead a warming effect, while a high one will behave vice versa. The coarse-mode SSA simulated for the one-fourth of the ground-sampled ni value is significantly higher than the original case (Fig. 5) . The result suggests a weakly absorbing model of Asian dust is more appropriate for use in climate modeling than the previously assumed dust model; in other words Asian dust particles may cool the climate system more strongly than is generally believed. Except the case of 17 March 2002, the events mean values of coarse mode SSA derived from the AERONET are 0.05 lower than the ones from this study, corresponding to the higher value of the imaginary part retrieved by the AERONET. To validate, we have also plotted in Fig. 5 several other coarse-mode SSA observed in the East Asian region during Asian Aerosol Characterization Experiment (ACE-Asia) (Huebert et al. 2003) . The coarse-mode SSA from Quinn et al. (2004) are from the PSAP on board the R/V Ronald H. Brown, those from Clarke et al. (2004) are from the PSAP results for dust extracted volatile components aboard the C 130, those from Anderson et al. (2003) are from the PSAP results observed aboard the C 130, and those from Bergstrom et al. (2004) are from the measurement of the solar flux observed aboard the Twin Otter. Figure 5 shows that the coarsemode SSA simulated for the one-fourth ni value is in good agreement with other results.
On the other hand, recent observations reported that Asian dust has a high absorption in the Japan area Kim et al. 2005) . It is believed that the fine BC/pollution particles that accompanied the dust reduce the SSA though coarse-mode dust particles itself did not have high absorption (Anderson et al. 2003; Bergstrom et al. 2004; Clarke et al. 2004) . We conjecture that the coarse-mode SSA retrieved in this study is realistic because the contributions of carbonaceous are very low for all the four events (Fig. 2) .
It may be considered that dust from different source regions have different optical properties. Air mass backward trajectories for TOA sampling points were conducted with Hybrid Single-Particle Lagrangian Trajectory (HYSPLIT, NOAA/ARL) (Draxler 1996) (Fig. 6) . The Final Run (FNL) meteorological data, or 6-hourly archive data from National Centers for Environmental Prediction's Global Data Assimilation System (GDAS), were used for the trajectory calculation. In the two cases of 2001 ( Fig. 6a and  6b) , cold air outbreaks from the west resulted in dust storms in the Taklimakan Desert in western China. In the third and fourth cases of 2002, cold air coming from the northwest and north caused dust storms in the Gobi Desert of Mongolia, illustrated in Fig. 6c and 6d . Although in this study the dust events originated from different sources, all events show same low absorption (Fig. 3) . Therefore, the dust absorption properties may not depend strongly on their source regions. This is consistent with the measurements of SSA at East Asia ) that there is no significant difference of SSA among the Taklimakan and Gobi Desert, where the derived values are about 0.93. 
Conclusion
We estimated the spectrally dependent imaginary part of refractive index (ni) of Asian dust aerosol in the visible by comparing satellite-observed and simulated TOA reflectances. The approach combines the results obtained from the SeaWiFS ocean color sensor, the vertical profiles provided by CFORS mesoscale transport model, and the size distribution observed concurrently by AERONET sites. Analyses for four dust-prevailed air mass over the Sea of Japan during 2001 and 2002 resulted that the ni value of Asia dust is about 0.001 at 0.5 µm (see Fig. 4 for wavelength dependency). The corresponding averaged coarse-mode dust SSA is found to be 0.98 ± 0.002 at 0.555 µm (see Fig. 5 ), indicating that Asian dust particles may cools the Earth. Although the backward trajectories suggest that the four events have different sources, all events show very close ni values. Our results demonstrate that Asian dust particles itself is much less absorbing in the visible than previously mentioned.
